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Negative Ions of Polyatomic
Molecules
by L. G. Christophorou*

In this paper general concepts relating to, and recent advances in, the study of negative
ions of polyatomic molecules are discussed with emphasis on halocarbons. The topics dealt
with in the paper are as follows: basic electron attachment processes, modes of electron cap-
ture by molecules, short-lived transient negative ions, dissociative electron attachment to
ground-state molecules and to "hot" molecules (effects of temperature on electron attach-
ment), parent negative ions, effect of density, nature, and state of the medium on electron
attachment, electron attachment to electronically excited molecules, the binding of attached
electrons to molecules ("electron afflinity"), and the basic and the applied significance of
negative-ion studies.

Basic -Electron Attachment
Processes

This paper deals with negative ions formed in
electron-molecule collisions at low energies (<15
eV). Negative ions produced at higher energies
(e.g., ion-pair processes) or in collisions of mole-
cules with electronically-excited species (e.g.,

metastable atoms, Rydberg states) will not be
discussed. The basic processes to be considered,
then, can be classified as electron attachment to
ground state molecules, to "hot" molecules, or to
electronically excited molecules.

Electron attachment to ground state mole-
cules predominantly in their lowest state(s) of
internal excitation may be represented by the
scheme of Eqs. (1) - (3):

~AB ...CD'*' + e (E')
e (e) + AB ... CD (G; v = 0) go(I AB ... CD-* (G or 1)-mwAB*M + CD-

[AB + C] (*)+ D-
or

AB'*' +

CDN*) + e

C W + D-4

(1)

(2a)

(2b)

AX- + energy (3)
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Here e (E) is the impacting electron of energy E,
AB *-- CD (G; v = 0) is a neutral ground-state
polyatomic molecule predominantly in its lowest
vibrational, v, state of excitation, AB *.- CD* (G
or E) is a transient negative ion formed in ei-
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ther the field of the ground (G) or excited (E)
electronic state with a capture cross section
ao(E), and E' (sE) is the energy of the scattered
electron; the asterisk indicates excess internal
energy and the asterisk in parenthesis indicates
possible increase in the internal energy of the
corresponding species. Reaction (1) is indirect
elastic and inelastic electron scattering. Reac-
tion (2a) is dissociative attachment leading to
stable fragment negative ions (for a polyatomic
molecule this process can lead to simultaneous
multiple fragmentation). Reaction (2b) is dis-
sociative attachment leading to metastable neg-
ative ion fragment(s) which are subject to au-
todetachment and/or autodecomposition.
Reaction (3) is parent negative ion formation
which is possible when the electron affinity, EA,
of AB .. CD is positive (>O eV) and the excess
internal energy is removed, principally by colli-
sion with another body. All three reactions have
been studied extensively especially over the last
decade. At room temperature the preponderance
of AB .. CD molecules are in the , = 0 level.
However, depending on the molecule, even a
small population of higher vibrational and/or
rotational levels can affect significantly the
cross sections and the onsets, especially for re-
action (s) 2.

Electron attachment to "hot" molecules is
summarized by Eq. (4).

e(E) + AB *.- CD* (G; v>0; j >0)

00,v,jLe) AB ...CD-* (G or E) -* decay (4)

Here the molecule AB ... CD* is in the ground
electronic state but in higher rotational, j, and/
or vibrational, v, states. In this case the cross
section for formation G0,j(E) and the probability
of the ensuing decomposition(s) depend on the
vibrational and/or rotational quantum states.
Reaction (4) is appropriate to "hot" gases and
it has been investigated recently.

Electron attachment to electronically excited
molecules is summarized by Eq. (5).

e(E) + AB ... CD*(E) AE() AB
CD*(E) 4 decay (5)

Here the electron is captured by an electroni-
cally excited molecule with a cross section aE (e)
forming AB ... CD* -(E) in the field of an ex-
cited electronic state. Very little is known about
this process.

Modes of Electron Capture by
Molecules
The various ways via which slow electrons at-

tach to molecules have been well reviewed (1-
6). In general, four such mechanisms leading to
the formation of a transient negative ion [neg-
ative ion resonance (NIR) ] can be distin-
guished: shape resonances; nuclear-excited Fesh-
bach resonances; core-excited resonances (type
I); and core-excited resonances (type II).

In Figure la we illustrate schematically shape
resonances. Here, the electron affinity, EA, of

RADIAL DISTANCE OF INCIDENT ELECTRON, p INTERNUCLEAR DISTANCE

FIGURE 1. Schematic illustration of (a) shape and (b) nuclear-excited Feshbach resonances. The symbols 10> and JR> desig-
nate, respectively, the electronic ground state of the neutral molecule and the NIR state (5).
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the molecule is negative (<0 eV), and the in-
cident electron is trapped in the potential well
which arises from the interaction between the
electron and the neutral molecule in its ground
electronic state. This potential barrier is the
combined effect (Veffective in Fig. la) of the at-
tractive polarization potential between the neu-
tral molecule and the incident electron (Vattrive
in Fig. la) and the repulsive centrifugal poten-
tial which arises from the relative motion of
the two bodies (V,pU,,,,1 in Fig. la); this latter
varies as 1(1 + 1) /2p, where 1 is the angular mo-
mentum quantum number and p is the electron-
molecule separation. Since the negative ion po-
tential energy curve/surface for a shape reso-
nance lies above that of the neutral molecule,
the transient ion is subject to autodetachment,
decaying back to the neutral molecule in its
ground electronic state plus a free electron,
leaving the neutral molecule with or without vi-
brational and/or rotational energy. The lifetime
'Ta for this autodetachment process is a function
of both the size of the barrier and the energy
of the anion (i.e., the relative height and thick-
ness of the barrier through which the electron
has to penetrate). The former is strongly de-
pendent on the 1 of the state occupied by the
captured electron, and the latter largely on the
attractive portion of the potential. If energeti-
cally possible, the NIR can undergo dissociative
attachment. Such NIRs may involve an excited
electronic state of the neutral molecule (i.e.,
electron capture is concomitant with electronic
excitation of the capturing molecule) and in
this case they are called core-excited (type II)
resonances.

In Fig. lb we illustrate schematically the nu-
clear-excited Feshbach resonance. Here EA is
positive (>0 eV), and the NIR lies energetically
below the ground state of the neutral. Thus, un-
less the anion is in vibrational levels v' higher
than the lowest vibrational level v = 0 of the
parent neutral state, the NIR cannot decay into
the parent state. This mode of electron capture
can involve an electronically excited neutral
molecule, in which case the NIR is called core-
excited (type I).

Molecular NIR states are abundant. Often
they can be described [and their energies (posi-
tions) approximated] in terms of the unoccu-
pied molecular orbitals of the neutral molecule.
At times also molecular geometrical changes
concomitant with electron impact and strong
electrophore sites in a polyatomic molecule can
constitute effective modes of electron trapping
(6).
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Short-Lived Transient Negative Ions

Short-lived (< 10-l' sec) transient negative
ions are a common phenomenon in low-energy
electron-molecule collisions. In the incident elec-
tron energy range in which the temporal trap-
ping of the electron occurs, the magnitude of
the electron-scattering cross section changes
profoundly, and the "resonance" signifies the
existence and gives the position of the negative
ion state. Such short-lived negative ion states-
lying above the ground state of the neutral
molecule-are abundant and decay by autode-
tachment and/or by dissociative attachment.

It is beyond the scope of this paper to discuss
the theoretical treatments of NIR states of
polyatomic molecules or to summarize the
rather extensive recent experimental results.
However, a few comments will be made on the
former and a brief discussion will be given on
the latter with specific reference to benzene and
its substituted derivatives. For these molecules,
as a rule, the nr-electron orbitals were considered
to interpret the experimental observations.

Consider, therefore, a ground state neutral
molecule with N electrons forming an isolated
negative ion resonance by capture of a slow
electron. The captured [(N + 1)th] electron
normally enters an unoccupied orbital and the
wavefunction irN+1 of the resonant state resem-
bles that of a bound state with N + 1 electrons.
It can be expressed (1, 7, 8) as:

N+ = fN+1 + f dEa (E) 'tE' (6)
In Eq. (6), 4'+ describes a bound (N + 1)-elec-
tron state embedded in and degenerate with the
continuum (E; E- 0), and a (K) is the coeffi-
cient for the continuum. If the continuum por-
tion of 1N+1 is neglected,

*[N+l ~ ON+1 (7)
The (vertical) electron affinity (VEA) and

the vertical attachment energy (VAE) can be
approximated, respectively, by
VEA = (1NIHN'I {.) - ( TN+l|HN+lli+l)

= EN - EN+l

and

VAE=(*+HN1*N)- (JNtHN'4N)
= `+1- EN

(8a)

(8b)
In expressions (8a) and (8b), 4N is the N-electron
wavefunction for the target ground state, HN
and H+l are the corresponding Hamiltonians,
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EN is the total energy (less the center of mass
translation) of the N-electron ground state, and
EN+l is the total energy of the anion with the
neutral ground state nuclear configuration.
Grant and Christophorou (8) pointed out that
although it is tempting to express eq. (8b) (via
Koopmans' theorem) simply as

VAEM E`N+l-EN =EmN (9)

where EmN iS the Hartree-Fock (HF) orbital en-
ergy of the m-th unoccupied orbital of the N-
electron target, a careful consideration should
be given to the effects of reorganization and
correlation. If Ereorg is the reorganization energy
associated with changes in the N-electron sys-
tem due to the captured electron, and AEcorr is
the change in correlation energy,
VAEm =EmN + Ereorg + AEcorr (10)
In attempts to find out how well semi-

empirical approaches explain the experimental
results on the NIR states of aromatic molecules,
it was found that a qualitative relationship ex-
ists between the experimental positions of the
NIRs and the CNDO virtual-orbital energies for
benzene and substituted benzenes (5, 8), and
the theory was successful in predicting the
number and relative positions of the negative
ion states of these systems (5, 8-15). Semi-
empirical molecular orbital methods, however,
provide only a modest understanding of the
shape resonances of organic molecules. They
need to incorporate the effects of correlation
and reorganization and to consider the a-elec-
trons along with the 7T-electron system. Ab
initio calculations are indicated.

Let us now turn our attention to the experi-
mental results on the shape resonances of ben-
zene and substituted benzenes which can serve
as a model group for other organic structures.
We designate the six nT-molecular orbitals of
benzene (C6H6) T1, ..., TiT6; the three virtual
(empty) 'ff-molecular orbitals are 1T,, 'T5, and 'fi6;
in the D6, and DSh symmetry the orbitals .2 and
'ri3 and 'its and 'i5 are degenerate. The negative
ion resonances of benzene can be generally un-
derstood by considering the capture of the in-
cident electron into the 'r4,7it, and 'it6 orbitals.
Thus the observed (Table 1) NIRs of benzene
were ascribed to the configurations 'n12n1227'32'n41
(first NIR), T2'7T22,'7T,2'7T1 (second NIR), and
tl27t22T327T6i (third NIR) and were all character-
ized as shape resonances associated with the
ground state molecule (the third NIR could con-
tain an admixture of a core-excited resonance).
The introduction of a substituent onto ben-

zene breaks the degeneracy of the 'T4, 7T, orbitals
and allows two NIRs to be observed experimen-
tally (Table 1) as opposed to only one for ben-
zene. The magnitude of the splitting of the first
and second NIRs depends on the electro-
negativity of the substituent. For electron-do-
nating substituents (e.g., F, OH, CH3, NH2) the
orbital energy of the antisymmetric 't-orbital
remains virtually the same as in benzene or de-
creases while that of the symmetric 7T-orbital is
raised relative to benzene. For electron-with-
drawing substituents (e.g., CHO, NO2, COOH)
three NIRs, rather than two, were observed be-
low -2.5 eV (Table 1). As indicated by Grant
and Christophorou (8), in this case the anti-
symmetric 7T-orbital behaves essentially as de-
scribed in the case of electron donating sub-
stituents, but the symmetric 'i-orbital interacts
in-phase and out-of-phase with the carbonyl 7T*
orbital to split further the energies and to pro-
vide an additional resonance (see Table 1). It
seems, nonetheless, that for an understanding
of the NIRs of benzene, benzene derivatives,
and other organic molecules one must consider
the a-electrons along with the 'T-electrons in
both the negative ion and the neutral molecule.
This can perhaps be illustrated by the recent re-
sults on the NIR states of fluorobenzenes (14)
(Table 1). Frazier et al. (14) kept the sub-
stituent (F) the same but changed the number
of substituents around the benzene periphery
from 0 to 6. Such an increase in halogen sub-
stituents has a profound effect on the basic
properties of the molecular negative ions. The
electron affinity and the parent negative ion
lifetime, for example, increase, the former from
c50 eV (5) to +1.8 eV (17) and the latter from
picoseconds to microseconds (6) in going from
C6H6 to C6F6. As expected, Frazier et al. (14)
found the first and the second 'i-NIRs to be
degenerate for benzene and hexafluoroben-
zene with DSh symmetry and for 1,3,5-tri-
fluorobenzene with D3h symmetry. The energy
of the lowest two NIRs is systematically low-
ered with increasing number of fluorine atoms
(this is especially evident if one considers the
weighted average position of the first and sec-
ond NIR; see Table 1). The energy of the third
NIR is little affected in going from C6H6 to
C6F6; it is also little affected by the nature of
the substituent (5, 14). This indicates that in all
cases the effect of the substituent on the carbon
p orbital is minimal.
On the basis of the data in Table 1, the first

't-electron affinity of the isolated molecules of
all fluorobenzenes in Table 1 is negative. As in-
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Table 1. Effect of structure on the positions of the negative-ion shape resonances of benzene and some of its derivatives.a

Position of NIR (eV) b,c

Compound Formula First 7-NIR Second q-NIR Third w-NIR V*co

Benzene
-1.35 (-1.13) d -4.80d

Substituted benzenes with electron-donating substituents
Phenol OH -0.61c (-l.Ol)f -1.67e (-1.73)f

Aniline NH2 -0.55e (-1.13)f _1.88e (-1.72)f

Substituted benzenes with electron-accepting substituents introducing additional NIR states
Benzaldehyde cJo -0.7le -1.12e

Benzoic Acid COH -0.63e -1.33e

Fluorobenzenes
Fluorobenzene -0.91 (-0.82) d

p-Difluorobenzene

-4.92f

-5.07f

-4.61g -2.22e

Z-4.4h -2.64e

-4.66d-1.40d

-0.62 (-0.53) d

_0,77d1,3,5-Trifluorobenzene

2,3,5,6-Tetrafluorobenzene

-0.77d

-0.50 (-0.34?) d

Pentafluorobenzene

Hexafluorobenzene

F$F
F

FAF
F

-0.42d -0.42d

-4.53d

4.50d

a The position of the lowest negative ion state (traditionally referred to as the electron affinity, EA) for some of the molecules
in this table are known to be positive (>0 ev), i.e., the lowest negative ion state lies energetically below the first wr-NIR listed. The
EA of C6H5CHO and C6F6 for example, have been reported (16, 17) to be .+0.42 eV) and +1.8 eV, respectively.

b The vertical position of the NIRs is given. When available, the transition energies from the lowest vibr,ational level, v = 0, of
the neutral molecule to the lowest vibrational level, v' - 0, of the negative ion is given in parentheses and can be considered to
give the adiabatic value of EA.
'The first three NIRs are associated with the three unoccupied ir orbitals. The IT*CO is associated with an additional orbital re-

sulting from an interaction of the carbonyl -r* orbital with one (syrmmetric) of the two lowest degenerate ir orbitals of benzene.
The lowest two NIRs for benzene, 1,3,5-trifluorobenzene, and hexafluorobenzene are degenerate (see text).

d Data of Frazier et al. (14).
e Data of Christophorou et al. (9).
f Data of Jordan et al. (18).
g Data of Jordan and Burrow (13).
h On the basis of the data in Table II of Frazier et al. (14).

dicated above, however, the electron affinity of
C6F6 is positive (+1.8 eV) and the parent ion
C6F6-* is long-lived (Ta 12 psec) and is formed
with a large cross section at thermal electron
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energies (19). This would imply either that the
lowest negative ion state of C6F6 (and perhaps
of C6HF5) is not a 'i but a a, as suggested by
Yim and Wood (20) from their electron spin
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resonance work in the liquid phase, or that it is
associated with a molecular distortion. The
former seems to be a more likely possibility and
the involvement of the a-electron network is
thus indicated.
For the purpose of illustrating the effect of

molecular structure on the position of the shape
resonances of polyatomic molecules, we now
draw attention to the experimental data se-
lected in Table 2. These indicate that the pres-
ence of a double bond lowers the position of the
NIR (i.e., it increases EA). The presence of an
additional double bond further lowers the posi-
tion of the NIR, but this lowering is a function
of the distance between the two double bonds.
It is evident from the data in Table 2 that the
replacement of an H atom by a CH3 group
raises the NIR (lowers EA). For both aliphatic
(Table 2) and aromatic (Table 1) molecules, re-
placement of an H atom by an electron with-
drawing group (or a halogen) lowers the posi-
tion of the NIR. This lowering increases with

increasing number of electron withdrawing
groups (or halogens) so that EA eventually be-
comes >0 eV and long-lived parent negative
ions can form principally by a nuclear-excited
Feshbach resonance mechanism. It is thus seen
that, by changing the number and the position
of double bonds, especially by changing the
number and the nature of the substituent(s) to
a basic structure (ethylene in Table 2, benzene
in Table 1), NIRs can be found to occur any-
where in the subexcitation energy region.

Dissociative Electron Attachment to
Ground-State Molecules
As indicated above, resonant dissociative elec-

tron attachment is visualized to proceed through
a negative ion intermediate-formed by capture
of an electron in a restricted energy range de-
fined by a Franck-Condon transition between
the initial (neutral molecule and electron at in-
finite separation) and the final state represent-

Table 2. Effect of structure on the position of the negative-ion shape resonances of polyatomic molecules.

Position of NIR, eVa

Molecule Formula First NIR Second NIR

Ethane H3C - CH3 -_2.3b
Ethylene H2C = CH2 -1.78 (-1.55)e
Propene CH3HC = CH2 -1.99c
Cis-butene CH3HC = CHCH3 -2.22c
1,3-Butadiene H2C = CH - CH = CH2 -0.62 (-0.62)c -2.80c
Formaldehyde H2C = 0 -0.7d (-0.65)e
Acetaldehyde H3CHC = 0 -1.3d; -1.2f
Acetone (H3C) 2C = 0 -1.5d.f
Cyclohexene 2-2.07d

1,3-Cyclohexadiene -0.80 (-0.80) e -3.43c

1,4-Cyclohexadiene -1.75 (_1.75)c -2.67c

1,5-Cyclooctadiene -1.83c -2.33c

Ethylene H2C = CH2 (-1.55) c Isoelectronic sequence;
Formaldehyde H2C = 0 (-0.65) e replace CH2 by united
Oxygen 02 (+0.44) g atom equivalent, 0
Ethylene H2C = CH2 (_1.55)c
Tetracyanoethylene (CN) 2C = C (CN) 2 (+2.88) g
Tetrachloroethylene C12C = CC12 (+2.12) g

a The uncertainty in the energy position is usually ±0.1 eV; the values listed are vertical except those in parentheses which are
adiabatic (see respective footnote in Table 1).

b Data of Pisanias et al. (21).
c Data of Jordan et al. (22).
d Data of van Veen et al. (24).
e Data of Burrow and Michejda (23).
f Data quoted by Jordan and Burrow (13).
g Equated to the electron affinity, EA, of the molecule, and thus to the position of the lowest NIRs which can be a shape reso-

nance or a nuclear-excited Feshbach resonance; EA values: 02 (25), (CN) 2C = C (CN)2 (26), C12C = CC12 (27).
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ing the transient negative ion-which dis-
sociates into (often multiple) neutral and
negative-ion fragments. The reaction had been
studied extensively in recent years both experi-
mentally and theoretically. In this section we
elaborate briefly on certain aspects of this most
interesting process.
The cross section, da.(E), for dissociative at-

tachment as a function of electron energy, E, is
equal to the product of the cross section, a0 (E),
for capture of the electron by the molecule to
form the metastable negative ion intermediate
and the probability, p (E), that the transient
negative ion will decay via dissociative attach-
ment (rather than via autodetachment or the
other possible decay channels), viz.,

Oda (E) =aO (E)p (E) (11)
Expressions for a, (E) and p (E) have been given
for diatomic molecules. Following O'Malley (28)
we write for ada (E) for a diatomic molecule AX
initially in its lowest vibrational level (v = 0)
and with a purely repulsive negative ion state
(Fig. 2):
GJda (E) v-0 =

4T3/2g ra rPa2 -4(4o-E)1eEP()
(2m/h2) E rd P Prd2 (e '

aO (E) p (E)

In Eq. (12) m is the electron mass, h is Planck's
constant divided by 2-r, g is a statistical factor,
ra is the total autodetachment width, rP is the
partial auto-detachment width, Pd is the dis-
sociative attachment resonance width, 4o = E0 +
lhh (see Fig. 2), E, is the electron energy at
the peak of da (E), ½hhw is the zero-point energy
and e-P`E), referred to as the survival probability,
is now explicitly defined as

Re RC

FIGURE 2. Schematic potential energy diagram illustrating the
process of dissociative electron attachment for a diatomic
molecule.

and
ta= h/ra

Although Eq. (12) is limited, strictly speaking,
to situations as pictured in Fig. 2, it relates in a
general way Gda to a0, E, Tre, Ta, and the reduced
mass Mr of the A - X- system. It explains
nicely the various isotope effects observed in
dissociative attachment studies (2) such as
those in Figure 3 on hydrogen halides and their

|=exp- RC a (R) dR

= exp {-8/a}

5

h

(13)

In Eq. (13), RE is the interatomic separation at
which electrons of energy E reach the negative
ion state (within the Franck-Condon region;
Fig. 2), Rc is the value of R at the crossing
point between the negative ion AX* and the
neutral molecule AX potential energy curves
(for R > Rc, p = 1), v (R) is the relative veloc-
ity of separation of A and X-,

R,
8 = dR/v (R)
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FIGURE 3. Dissociative electron attachment cross section as a

function of electron energy for HCI, DCI; HBr, DBr; HI, DI,
(29).
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deuterated analog (29). The cross section for
the deuterated analog in Fig. 3 are lower, since
is is longer (i. o Mr"'2) and the AX-* has a
larger chance to decay by the competing process
of autodetachment.
Negative ion potential energy curves/surfaces

have a variety of shapes, and Ad5(E) is affected
by these and the competitive decay channels.
This limits the applicability of Eq. (12) espe-
cially in the case of polyatomic molecules. How-
ever, in certain cases of dissociative attachment
to polyatomic molecules such as n-CnH2n+,Br,
where the formation of Br- involves a direct
fast cleavage of Br- along the C-Br coordinate,
and the complex molecule may be visualized, as
far as this process is concerned, as a diatomic-
like R (n-CnH2n+1) -Br system, Eq. (12) may
describe the process satisfactorily. Indeed, the
relative magnitudes and the widths of the cross
sections for the formation of Br- via resonance
dissociative attachment to n-CnH2n+1Br (n = 2
to 6) shown in Figure 4 are consistent with
their predicted dependences on the reduced
masses (30). It should, of course, be noted that
when p (E) 1, ada (E) ,0 (E).

In the case of polyatomic molecules, many
types of fragment ions can be produced and dis-

3-

0 01 2 0.3 04 05 0A 0.? 0.0 0Q 1O 1.1 1.2 13 1.4 1 IA 1.? 1.t U 1

ELECTRON ENERGY. a .(eV)

FIGURE 4. Dissociative electron attachment cross section as a
function of electron energy for n-CnH2nl1Br (n = 2-6) mole-
cules (30): (0) C2H5Br; (A) n-C3H7Br; (A) n-C4H9Br; (O) n-
C5H,,Br; (A)n-C6H13Br.

sociative attachment processes may not be fast;
the dissociation time would depend on the dis-
tribution of the internal energy in the transient
intermediate, the structural rearrangements fol-
lowing electron capture, and the orbital in
which the electron is captured. The modes of
decomposition and the nature of the fragment
negative ions depend, thus, strongly on the de-
tails of molecular structure. We may identify
four types of dissociative attachment fragment
negative ions: directly cleaved, complementary,
multiple, and rearrangement. These can be
stable or metastable, subject to subsequent au-
todetachment and/or autodissociation.
An example of directly cleaved negative ions

are the directly cleaved atomic halogen negative
ions from the aliphatic hydrocarbons (Fig. 4) (30,
31), the production of which involves no internal
rearrangement of the negative ion intermediate
following electron capture. Additional examples
are the ions F- from CF4 and H- from CH4 shown
in Figure 5. In Figure 5 we can see also examples
of complementary fragment negative ions (e.g.,
F- and C3F7-, and CF3- and C2F5- from n-C3F8; F-
and CF3- from CF4), as well as examples of mul-
tiple fragment ions (F-, CF3-, C2F5-, C3F7- from
n-C3F8 since they all seem to originate from the
decay of the same NIR state). It should be ob-
served that category of complementary fragment
negative ions is a special case of the category of
multiple ions. This category is particularly impor-
tant, in that it signifies an extensive molecular
decomposition which requires concentration of in-
ternal energy in more than one coordinate.
The data collected in Figure 5 help us make a

few other observations. (a) The ion F- from CF4
and n-C3F8, and more generally the atomic halo-
gen negative ion (s) from saturated aliphatic
halocarbons (31) are the most abundant. Parent
negative ions were not observed in electron-im-
pact studies of the halogenated lower members of
the saturated aliphatics. (b) The energy onsets
and yields of complementary ions seem to show
some correlation with the electron affinity of the
fragments. (c) Perfluorination of a hydrocarbon
lowers the positions of the negative ion states
(this is supported by a large body of other infor-
mation) (Table 1) (6, 14, 43). (d) The absence of
CH3- is consistent with EA(CH3) < 0 eV. (e)
From the positions of the lowest excited elec-
tronic states of CF4 and CH4 shown in Figure 5 it
seems that the observed dissociative attachment
resonances are associated with the ground-elec-
tronic state of CF4 and with an excited electronic
state of CH4.
Although the F- is the predominant ion for the
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2 FRAGMENT, X EA(X) [eV]
H 0.754

1o-i7 _ CH2 0.21
F/C3F8 CH3 <0

F 3.4
CF3 -2.0

2 C2F5 --2.2
O-18 C3F7 -'2.3

E

0o 2/

L / l i\

2 CF23/C3F8 / / \ '-

U) si-19 35 C FC\ \\\

0
o 5

2I

10-20

C2F;/C3Fe

2 C3F/C3F8

0 1 2 3 4 5 6 7 8 9 10 11 12 13
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FIGURE 5. Dissociative electron attachment cross section as a function of electron energy
for n-C3F8, CF4 and CH4. The data plotted are from the following sources. n-C3F8: The en-
ergy dependence and the relative yield of the F, CF3-, C2F5- and C3F7 ions are from
Lifshitz and Grajower (32). These relative cross sections were put on an absolute scale by
using the value (33) 5 x 10-11 cm2, for the peak of the F- resonance. CF4: The energy de-
pendence and the relative yields of the F- and CF3- ions are from Lifshitz and Grajower
(34). These were normalized (33) to 6 x1iO19 cm2 at the peak of the F- resonance at -~6.2
eV. CH4: Data are from Sharp and Dowell (35). The positions of the lowest two electronic
states for CH4 and CF4 are from Harshbarger (36) and the EA values are from: H and F
(2); CH2 (37); CH3 (38); CF3 (39,40); C2F5 (42); C3F7 (42).

lower members of the saturated aliphatic per-
fluorocarbons*, this is not so for the unsaturated
or cyclic perfluorocarbon compounds (44). For the
latter, EA > 0 eV, and the parent negative ion is
by far the most abundant. This can be seen from
Figure 6, where the parent and fragment nega-
tive ions produced in collisions of slow electrons
with perfluoro-2-butyne (2-C4F6) are shown (44).
The 2-C4F6 molecule is linear with freely rotating
CF3 groups (46). The directly cleaved F- and the
complementary C3F3- and CF3- ions are very
weak compared with the parent ion 2-C4F6-. This
is the case for other recently studied unsaturated
and cyclic perfluorocarbons (44). Thus it is seen
from Figure 7 that the parent ion of c-C4F8 is

*The parent negative ion of n-C4F1O has been observed (45).
No parent ion of CF4, C2F6, or n-C3F8 has been reported.

much more abundant than any of the observed
fragments. The F- and (M - F) - (parent mole-
cule less one F atom)- have low yields [actually
the (M - F) - ion was not observed] for c-C4F8
(44), but they are the most intense ions for linear
saturated aliphatic perfluorocarbons. For c-C4F8
the C2F3- ion, which is characterized as a rear-
rangement ion, was observed; its production re-
quires geometrical changes in the transient nega-
tive ion.

All six types of fragment negative ions seem to
be produced when slow electrons collide with 2-
C4F8 (perfluorobutene-2) (see Fig. 8): directly
cleaved (e.g, F-), complementary (e.g., F-,
C4F7-), rearrangement (e.g., C3F,-), multiple
(e.g., F- and C2F3- at -5 eV; C4F7-* and C4F6-* at
-0.0 eV), metastable autodetaching (C4F7-*,
C4F6-*, and C3F,-*) and, perhaps, also metastable
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FIGURE 6. Negative ions produced by low-energy electron impact on 2-C4F6 (44).

autodissociating (C3F,-*). The autodetachment
lifetimes of the fragments C4F7-*, C4F6-* at -0.0
eV and C3F,-* at -2.3 eV were found (44) to be 7,
17, and 70 psec, respectively; that of the parent
ion C4F.-* was found to be 10 ,psec at -0.0 eV [See
Christophorou (6) for a discussion of the autode-
tachment lifetimes of metastable parent and
fragment negative ions]. The suggestion that the
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C3F5-* ion is metastable both toward autodetach-
ment and autodissociation is based on the obser-
vation that in Figure 8 the intensity of the C2F3-,
CF3-, and C3F3- ions increases when that of
C3F5-* decreases. It might, thus, be possible that a
fraction of the C2F3-, CF3- and C3F3- ions is not
due to the decomposition of the parent (C4F8-*)
but of the fragment (C3F,-*) ion.
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FIGURE 8. Negative ions produced by low-energy electron impact on 2-C4F8 (44).

It is worth pointing out again that for cyclic
and unsaturated perfluorocarbons the parent ion
is the predominant ion while for saturated per-
fluorocarbons the predominant ion is F-. From
Figures 6 to 8 and our data published elsewhere
(44) it is also indicated that the fragmentation of
linear and coplanar perfluorocarbons is lower com-
pared with the cyclic and twisted compounds.
This, in turn, indicates the importance of configu-
ration and geometrical rearrangements; in this
regard it is worth observing that the work of
Sauers et al. (44) on 2-, 1,3-, and c-C4F6 and 2-

and c-C4F8 indicated that double-bonded struc-
tures undergo more extensive fragmentation at
low energies compared to cyclic and triple bonded
systems.
The multiplicity of negative ion states and the

production of a variety of negative ion fragments
with large cross sections clearly show the fragility
of metastable polyatomic negative ions and the
effectiveness of slow (including thermal) elec-
trons to cause extensive and often multiple molec-
ular decompositions tantamount to a molecular
"explosion." This and the delicate dependence of
the type and abundance of negative ions on the
details of molecular structure can, perhaps, be il-
lustrated by the work of Johnson et al. (31) on the
negative ions produced in collisions of slow (<3

November 1980

eV) electrons with chloroethanes and chloroethy-
lenes. For these chlorocarbons, three types of
fragment negative ions were observed (31): Cl-,
Cl2-, and (M - Cl)- (for C2Cl4 the parent ion,
C2C14-*, was also observed at O0.0 eV and found to
be metastable with an autodetachment lifetime of
14 + 3 ,usec). The Cl- ion was by far the most
abundant. The intensities of the Cl2- and (M -

Cl)- ions with respect to Cl- depended very
strongly on the number and relative positions of
the Cl atoms in the molecule. The yield of Cl2-
was, as a rule, very much lower when the two Cl
atoms in the Cl2- ion originated from the same C
atom. The relative cross sections for Cl- produc-
tion (corrected for the finite width of the electron
pulse) are shown in Figure 9 for the chloroethy-
lenes. They indicate the existence of at least five
NIRs below -2 eV which may be associated with
orbitals dominated by the p-orbitals of the Cl
atoms (similar results were obtained for chloroe-
thanes) (31). Since the observed resonances in
the Cl- cross-section functions seem to be associ-
ated with the Cl-atom-dominated molecular char-
acteristics, the observed fragmentation patterns
for these molecules may be common for similar
bigger structures. A knowledge of the patterns of
molecular decomposition (s) of halocarbons un-

doubtedly aids the identification of precursors of
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FIGURE 9. Cl1 against E for chloroethylenes (31).

atmospheric products and elucidates the reaction
pathways of such pollutants in the atmosphere (2,
47).
The decomposition mechanisms responsible for

specific fragment negative ions in complex mole-
cules and the amount of translational and internal
energy in the fragments depends on the decaying
negative ion state and the amount and distribu-
tion of the internal energy in the excited negative
ion. In spite of recent work in this area, much
knowledge is still needed concerning the patterns
of multiple fragmentation of molecular negative-
ion states and their relation to molecular struc-
ture. Of particular interest in this connection is
the work of Franklin and co-workers (48-50) on
the measurement of the translational energy of a
number of negative (and positive) ion fragments
(51). This work has shown that for a transient
polyatomic molecular negative ion with N vibra-
tional degrees of freedom only a fraction a is ef-
fective, so that the sum, Z,, of the translational
energies of the fragments is

it = E*/aN (14)
In Eq. (14), E* is the total excess (of the heat

of the reaction) energy in the negative ion inter-
mediate, and aN may be assumed to be the num-
ber of active vibrational modes. Franklin et al. re-
ported values of a for various molecules ranging

from 0.35 to 0.57 with an average of -0.40. This
was taken to indicate that the effective number of
vibrational degrees of freedom in the metastable
intermediate is less than the available number N.
Although this may be, in part, attributed to a dis-
sociation time which is much shorter than the
time for complete internal energy equilibration, it
is also apparent that the effective number of vi-
brational degrees of freedom-and hence the
value of a-must depend on the spatial distribu-
tion of the wavefunction describing the orbit oc-
cupied by the captured electron. Franklin's find-
ings on a values less than one are in accord with
independent work on the decomposition of tran-
sient negative ions not by autodissociation but by
autodetachment (6, 54). In the latter studies basi-
cally the same model for statistical distribution of
E* was used, and although the transient negative
ion considered (C6F6-*) lives for -12 ,sec (6, 52)
the effective number of degrees of freedom was
found to be -1/3 of the available N.

Studies on the internal energy distribution
within-and partitioning of excess energy among
the decomposition products of-the transient
negative ion are necessary for the deduction of
accurate thermodynamic data, and the elucidation
of the fragmentation processes themselves. Rele-
vant, in this regard, is the recent conclusion of
Goursaud et al. (53) that in the dissociation of tri-
atomic negative ions, the partitioning of the ex-
cess energy favors the kinetic energy if the sur-
face is attractive. That is, the translation to
rotation-vibration coupling is weak for repulsive
surfaces and strong for attractive surfaces what-
ever the details of the shape of the surfaces.

Finally, attention is drawn to Figure 10, where
dissociative attachment cross sections as a func-
tion of electron energy are presented for a num-
ber of species in the energy range from 0 to -16
eV. We point out three of the salient features of
the behavior of ada: the magnitude of ada-varying
by more than seven orders of magnitude-de-
pends on the position Emax of the NIR; the higher
the Emax the smaller the ada (2, 54); as -m-* ther-
mal, ada * X792; many molecules possess a multi-
plicity of NIRs in the subexcitation energy re-
gion.

Dissociative Electron Attachment to
"Hot" Molecules (Effects of
Temperature on Electron
Attachment)

Electron attachment processes are often af-
fected by the gas temperature T. The effects of
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tude of the cross section and the resonance width
increase. These data have been explained theoret-
ically by O'Malley (70), who assumed that the di-
rect effect of T on 02 is to produce a Maxwellian
distribution of vibrational (v) and rotational (j)
states. The effective cross section a,. (T, E) for dis-
sociative attachment, then, is the Boltzmann av-
erage of the cross section GdaV, '(E) from each of
the individual states, i.e.,

Uda(T, E) = E i N
v - vmin i-=.min

x exp{ -(EV + Ej) da} (E) (15)

where

N=L exp{(T~]
Iv - ij"min {.i kT

and vmin and jmin, are subject to the energy thresh-
old requirement
E + EV + Ej- Ethreshold= D(O-O)

- EA (0) = 5.08 - 1.46 = 3.62 eV
The cross section cda.vj (e) is (28, 70)

GJdatj(E) = 472g r1ax X (R' -ir-12e-P (16)

where Xv is the vibrational wave function, ra,x is
the partial autodetachment width for the state X,
and the rest of the symbols are as defined earlier.
In his treatment, O'Malley considered the effect

30000K0

2.0 /

12

641%1"-, 1.0 0

0 2,44: 0

l£CooN ENERGY IeYI

FIGURE 11. Total cross section for dissociative attachment of
electrons to 02 as a function of electron energy at the in-
dicated temperatures: (...) experimental results (57,58);

theoretical results (70).
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of rotational states to be negligible and the ex-
cellent agreement of his predictions on the
threshold, magnitude, width, and energy position
of the 0°-02 resonance with the experimental re-
sults justifies this assumption. As T increases,
higher vibrational levels are populated, the inter-
nuclear distances increase (and hence the Franck-
Condon region broadens) significantly and al-
though even at 2000°K there is only a limited
amount of vibrational excitation, there is a pro-
found change in the survival factor e-P in Eq. (16)
which dominates the temperature dependence of
the cross section.

The insignificance of rotational excitation
seems to be at variance with earlier theoretical
predictions (71) of a strong effect of rotational
excitation on the yield of H-/H2. In this regard
recent experimental (72) and theoretical (73)
work on H-/H2 in the 3.75 eV H2- resonance re-
gion are quite relevant. Thus the threshold cross
section for the 3.75 eV H-/H2 resonance was re-
ported to have shown (72) an increase by a factor
210 with each increase in vibrational quantum
and a threefold increase for rotational level in-
crease from j = 0 to j = 7. The results of a recent
calculation employing resonance scattering the-
ory with semiempirical parameters (73) shown in
Table 3, indicate that although the effect of rota-
tional excitation is not as high as that of vibra-
tional excitation and not as significant as sug-
gested earlier (71) it is, nonetheless, considerable.
Two additional examples can help demonstrate

the effects of T on electron attachment processes.
The first is on the effect of T on the production of
0- from N20 below -4 eV and the second is on the
effect of T on the total attachment cross section
for various polyatomics.

It is seen from Figure 12 that the production of
0- from N20 is very sensitive to T in one region
(close to thermal and epithermal energies) and
insensitive in another (-2.3 eV). It appears that
two states of N20- are involved in the production
of 0- from N20 below -4 eV. The strongly tem-
perature sensitive portion of the cross section in-
volves the lowest (ground) state of N20- and is

Table 3. Calculated values for the ad.i for H-/H2 close to
the 3.75 eV threshold.a

cm2 v j

2.8 x 10-21 0 0
3.5 x 10-20 0 10
8.3x 10-20 1 0
lx10-18 2 0

a Calculated by Wadehra and Bardsley (73).
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CU,

Electron Energy, eV

FIGURE 12. Dependence of the cross section for formation of
0- from N20 as a function of electron energy on temper-
ature. For all temperatures the curves were normalized at
2.25 eV; they coincide at higher energies and they differ
drastically at lower energies as T changes (60).

due to excitation of the bending mode of vibra-
tion (60); it is thought to arise from the depen-
dence of bond angle of the energy separation of
the electronic ground states of N20 and N20 (the
potential energy of the lowest N20- state depends
significantly on bond angle) (60, 66, 74). The tem-
perature-independent peak at 2.25 eV is ascribed
to dissociative attachment via the second N20-
state. These findings, along with those on the
temperature dependence of dissociative attach-
ment to 02, demonstrate the significance of tem-
perature studies in determinations of true onsets
for specific product ions and the deduction there-
from of thermodynamic data.

In Figure 13 is shown the variation with T of
the integrated total attachment cross section for
various polyatomics studied by Spence and Schulz
(63). Three observations can be made with re-
spect to Figure 13: (1) the spread in the magni-
tude of the total attachment cross section seen at
room temperature decreases as the temperature
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FIGURE 13. Energy integrated cross sections as a function of
temperature for various halocarbons and SF6 (63).

increases; (2) the smaller the magnitude of the
attachment cross section at room temperature the
larger seems to be its temperature dependence;
and (3) at near thermal energies the attachment
cross section for polyatomics approaches the theo-
retical maximum value (Fig. 10) (2, 6, 55, 75, 76),
which itself is insensitive to the initial vibrational
state of the molecule.

Parent Negative Ions
For a parent negative ion to form [reaction

(3) ], the electron affinity of the molecule must be

positive. If the excess energy of the ion AX-* is
not removed sufficiently fast, however, it will be
destructed by autodetachment within an average
time Ta, even though its EA is positive. If the au-
todetachment lifetime, Ta, of the transient parent
negative ion is >106 sec, it can be detected in
conventional time-of-flight mass spectrometers
and its Ta can be measured (6). On the other hand,
for the total pressures normally employed in
swarm experiments (2, 6, 77) the time Tcoll be-
tween collisions of the transient parent negative
ion and a stabilizing body (usually a buffer gas
molecule) (2, 77) is much smaller than T., and
thus such ions are completely stabilized; swarm
studies then conveniently provide a, (e) for these
ions. If the transient parent negative ion is mod-
erately long-lived (2, 6) (10-12 5 Ta < 10-6 sec) its
complete stabilization by collision requires very
high pressure swarm experiments (2, 6, 77); these
experiments can provide Ta and ao(E) and a great
deal of information about the dynamics of elec-
tron attachment processes and the influence of
the environment on them (see below). In the
present section we deal briefly with long-lived
and in the next with moderately long-lived parent
negative ions.
The cross sections, the lifetimes, and the depen-

dence of these two quantities on the energy of the
captured electron for long-lived parent negative
ions depend strongly on molecular structure.
Long-lived parent negative ions are usually
formed via a nuclear-excited Feshbach resonance
mechanism and their cross sections are very large
at thermal and epithermal electron energies (2, 6,
75, 76). The electron swarm method has been
shown (2, 6, 75) to be uniquely suited for the de-
tection of these ions and for the accurate determi-
nation of the NIR states that lead to their produc-
tion along with their respective cross sections.
This capability of the swarm method has been
greatly enhanced by the swarm-unfolding tech-
nique (78). To illustrate these points we refer be-
low to some recent work on perfluorinated hydro-
carbons (PFHs) at the author's laboratory (75,
76, 79).

In Figure 14 the attachment cross sections,
aa(6), as a function of electron energy E, and the
attachment rate, aw(<E>), as a function of the
mean electron energy <E>, are presented for
three PFHs with double and triple bonds. It is evi-
dent from these data that at least three NIR
states exist below -1.2 eV for these molecules.
The cross sections are very large compared to
those of open-chain saturated PFHs with 1 to 4
carbon atoms. The latter do not attach slow elec-
trons efficiently [see Fig. 5 for CF4 and n-C3F8,
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FIGURE 14. Electron attachment cross section as a function of
electron energy for perfluoro-1,3-butadiene (1,3-C4F6), per-
fluoro-2-butene (2-C4F8), and perfluoro-2-butyne (2-C4F6).
(Inset) Electron attachment rate as a function of mean
electron energy for the same compounds. Original data
from Christodoulides et al. (75).

Harland and Franklin (33) for C2F6, and Harland
and Thynne (45) for n-C4F10], and with the ex-
ception of n-C4F10 for which a very weak (in-
tensity <0.1% that of F-) parent negative ion was
observed (45) no parent negative ions were re-
ported, possibly because their electron affinities
are negative.* (The total electron attachment
cross section for these PFHs increases with in-
creasing chain length.t It is thus seen that the
presence of double and triple bonds in open chain
PFHs dramatically increases their electron at-
taching capacity. Contrary to this, the presence of
double and triple bonds has little effect on the

*It seems likely that the electron affinity of linear saturated
PFPHs with four or more C-atoms is positive and that the par-
ent negative ions of these compounds are long-lived with cross
sections which increase with increasing molecular size. A weak
parent negative ion has been reported (45) for n-C4F10, and
although Reese et al. (80) failed to observe this ion, they
found that the parent negative ion of n-C7F16 is very abun-
dant (at -0.0 eV) .

t The thermlal attachment-rate constants were reported
(81) to be <10-16, <1016, <i0-'5, 9.6 x 10-12 cm3/molecule-sec
for CF4, C2F6, n-C3F8, and n-C4F10, respectively; c-C3F6 was
reported (82) also to attach thermal electrons very weakly
(thermal electron attachment rate <3 x 10-14 cm3/molecule-
sec) .

18

magnitude of Ga (E) for cyclic PFHs (compare
data in Figs. 15 and 16). The cyclic structure of
the latter seems to be itself the important factor
in increasing their ability to attach slow electrons.
This can be seen also from the data on cyclic and
linear C7Fj4 in Figure 17.
Although an increase in the size of the per-

fluorocarbon molecule could increase Ga (E), any
such effect for the compounds in Figures 15-17
seems to be overshadowed by the much larger in-
crease in Ga (E) at near thermal energies when CF3
is substituted for F (Fig. 15; C6F6 vs. C6F5CF3 in
Fig. 16). For the cyclic PFHs the number of
double bonds or the aromatic character of the
molecule have no noticeable effect on Ga (E). From
the data listed in Table 4 on the electron-attach-
ment properties of the PFHs in Figures 15 to 17,
it is apparent that for these molecules the number
and the energy positions of the NIRs vary little
from one structure to another in contrast to the
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FIGURE 15. Electron attachment cross section as a function of
electron energy for perfluoro-1,2-dimethylcyclobutane
(c-C6F12), perfluoro-1,3-dimethylcyclohexane (c-C8F16), and
perfluorocyclobutane (c-C4F8). (Inset) Electron attachment
rate as a function of mean electron energy for the same
compounds. Original data from Christodoulides et al. (75)
and Pak et al. (76).

Environmental Health Perspectives



large variations in the magnitude of their a (E).
If we compare the values of the a. (E) for the
PFHs in Table 4 with those of their non-
fluorinated analogs it is clear that perfluorination
of a hydrocarbon structure dramatically increases
Ga (E) at low energies. Actually the attachment
cross sections and the attachment rates for the
PFHs in Table 4 approach their maximum values,
(Ga) max and (aw) max, respectively, for s-wave cap-
ture. These maximum values are shown in Fig. 16
and are defined as:

(a.) max = T2

and

[aW ((E))]max =

Ntorr (7T2h4/2m3)"/2
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FIGURE 16. Electron attachment cross section as;
electron energy for perfluorocyclopentene (c
fluorocyclohexene (C-C6F1O), perfluorotoluene
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where Ntorr is the number of attaching gas mole-
cules per cubic centimeter at 1 torr pressure, fN2
(E, (E)) is the electron energy distribution func-
tion at (E), A is the electron de Broglie wave-
length divided by 21T, and the rest of the symbols
are as defined earlier. The cross sections and the
attachment rates in Figures 14 to 17 are total, i.e.,
for all ions produced. At thermal and near ther-

IERGY ev) mal energies they are mostly due to parent ions,
but at higher energies (especially around the
third NIR) they may contain varying degrees of
contributions from dissociative attachment proc-
esses (depending on the molecule) as indicated by
the electron beam studies.
A number of experimental techniques em-

z_ ployed in electron attachment studies do not pro-
4.2 1.4 vide-as the electron swarm method of the Oak

Ridge National Laboratory Group (2, 6) does-
a function of the cross section and the attachment rate as a
-C5F8), per- function of electron energy, but rather only the(C7F8) , and "thermal value," (aw) th, of the attachment rate.
or the same The thermal attachment rate is a strong function
t al. (19, 76). of the position of the NIRs and for halogenated
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Table 4. Data on the electron attachment properties of perfluorocarbons.

Autodetachment lifetime
Perfluoro- Positions of NIRs, Thermal attachment rate x of parent ion (at -0.0 eV) Electron affinity,
carbon eV 10-, cm3/molecule -sec x 10-6, sec eV

c-C4F6 -0.0; -0.14; 0.71a 1.5;a,b 1.4c 6.9;d 11.2;e 6f
2-C4F6 -0.0; 0.19; 0.80a 0.55a,b 16.3;e gf >0g
1,3-C4F6 -0.0; 0.17; 1.04a 1.3a,b 7f
c-C4F8 -0.0; 0.22; 0.48a 0.12;a,b 0.09;h 0.11;i 0.12;c -0.2i 12;d 6;f 14.8k 2001,m >0.4n
2-C4F8 -0.0; 0.18; 0.59a 0.48; a,b 0.49c 10;f 30.6e 20.7n
c-F5F8 -0.0; 0.24; 0.99P 3.94;b,p 1.2i 26.2;e 50d
c-C6F1o -0.0; 0.22; 0.71P 3.99;b,P 3.13' 106;e 113c -1.4 ± 0.3n
c-C6F12 -0.0; 0.16;P 1.54bp 236;e 450d
c-C8FI6 -0.0; 0.18;P 0.74b,p
c-C7F14 -0.07; 0.25q 0o57;b,q 0.4;i 0.80;s 0.98t 793;d 757e
1-C7F14 0.07; 0.25q".4b,q
C6F6 -0.0; 0.73U 1.02;u 1.06i 12;d,U,v 13.3e -1.8 ±0.3n
C6F5CF3 -0.0; -; -1.1p 2.84;b P 2.42i 12.2;d 37.8e 21.7 ± 0.3n

a Data of Christudoulides (75).
b Determined elsewhere (75) by using Eq. (19) and the a (e) data reported in that work.
c Data of Bansal and Fesrenden (82).
d Data of Naff et al. (43).
e Data of Thynne (83).
f Data of Sauers et al. (44).
g Data of Hammond (84).
h Data of Christodoulides (85).
'Data of Davis et al. (86).
Data of Christophoron et al. (89).

k Data of Harland and Thynne (87).
'Data of Henis and Mabie (88).
m See Christophorou (6) for discussion.
n Data of Lifshitz et al. (17).
P Data of Pai et al. (76).
q Data of Christodoulides and Christophorou (79).
r Data of Mothes et al. (90).
'Data of Chen et al. (91).
t Data of Mahan and Young (92).
' Data of Gant and Christophorou (19).
v Data of Christophorou (6).

hydrocarbons it is a strong function of the nature
and number of the halogen (s) in the molecule. As
can be seen from the selected data on (aw) th for
halomethanes in Table 5, (aw) th increases in the
order F < Cl < Br < I and with the number of the
halogens in the molecule. The thermal value of aw
can be determined accurately when Ga (E) iS
known from

(aw) thermal = Ntorr (2/m) 1/2 E"'2fM (E) a. (E) dE

where fM (E) is a Maxwellian function character-
istic of the temperature of the experiment. Val-
ues of (aW)th determined this way for the PFHs
in Figures 14-17 are given in Table 4. In Table 4
are also listed the autodetachment lifetimes of
the parent ions of these PFHs.

The time the captured electron is retained by a
polyatomic molecule reveals a great deal about
the interplay between the two. Knowledge of 1Ta
and its dependence on the electron energy can be
used as a probe of the dynamics of molecular
structure and the details of the electron attach-
ment processes. In this regard attention is drawn
to the recent review by the author (6) of the au-
todetachment lifetimes of metastable negative
ions, and to the data of Johnson et al. (102) on ni-
trobenzenes (Table 6). Nitrobenzenes attach
strongly thermal and epithermal electrons and
form long-lived parent negative ions (unless a
fast dissociative attachment process effectively
competes). The autodetachment lifetimes of
these parent ions show an increase with increas-
ing EA, as predicted by the theory (6). Also, they
show a distinct dependence on the electron donor-
acceptor properties of the substituent X and the
intramolecular interaction between NO2 and X.
The Ta values for electron accepting substituents
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Table 5. Thermal electron attachment rate constants for halomethanes.

Halocarbon Rate constant, cm3/molecule-sec
CH3CI <1.9 x 10-15;a <5 x 10-5;b <1013c
CH3Br 7 x 10-12;a 7 x 10-9d
CH3I 7 x 10-e
CH3Cl <1.9 x 10 15;a <5 x 10-15-b <1o-c
CH2CI2 4.6 x 1012;f 4.7 x 1O'1;9 4.8 x 1012;c 1.5 x 10-llh
CHCl3 1.3 x 10-9;f 2.2 x 10-9;i 2.4 x 10-9;c 3.8 x 10-9h
CCl4 2.6 x 107;e 2.8 x 10-7td,h 2.9 x 10-7;j 3.6 x 10-7;k 4.1 x 10-7;i,1
CF4 <10-16;g _10-16;m <3.1 x 10-18k
CF3Cl 5.2 x 10-14 g <3.1 x 10-13k
CF2Cl2 7 x 10-10;m 1.3 x 10-9;n 1.9 x 10-9;e 2.2 x 10-9P.g
CFC13 1 x 10-7;m 1.2 x 10-7eh

a Data of Bansal and Fessenden (93).
b Data of Christodoulides et al. (94).
c Data of Schultes et al. (95).
d Data of Christodoulides and Christophorou (98).
e Data of Christophorou (77).
f Data of Christodoulides et al. (96).
g Data of Fessenden and Bansal (81).
h Data of Flaustein and Christophorou (97).
Data of Warman and Sauer (69).
Data of Bouby et al. (99).

k Data of Davis et al. (86).
' Data of Mothes et al. (90).
m Data of Schumacher et al. (100).
n Data of Bansal and Fessenden (82).
P Data of Mothes and Schindler (101).
q Data of Christophorou et al. (89).

are about ten times larger than those for electron donor. The large values of Ta for o-nitrophenol, 0-
donating substituents. Actually, CNDO calcu- nitrobenzaldehyde, and o-nitroaniline (Table 6)
lations by Johnson et al. (102) indicated that the indicate the high sensitivity of r. to the intra-
magnitude of Ta correlates with the amount of 7r- molecular interaction of NO2 and X at the ortho
electron charge removed from the benzene ring position.
by X when X is an electron acceptor and is little The measured lifetimes of long-lived parent
affected by the amount of 'r-electron charge do- negative ions and their dependence on e ex-
nated to the benzene ring when X is an electron amples of the latter are shown in Figure 18-have

Table 6. Lifetimes of long-lived parent negative ions of N02-containing disubstituted benzene derivatives.a

Lifetime x 101, sec

Compound Substituent, X [o-XC6H4NO2]- [m-XC6H4NO2] [p-XC6H4NO2]-
Nitroanisole OCH3 16 52 10
Nitrobromobenzene Br 18 21 10
Nitrofluorobenzene F 17 28 10
Nitrophenol OH 460b,c 31c 14c
Nitrochlorobenzene Cl 17 47d 14
Nitrotoluene CH3 13e l9e 14e
Nitroaniline NH2 46c 21c 15C
Nitrobenzene H 18d
Nitrothiophenol SH 23
Nitrobenzaldehyde CHO 395 205 47
Nitrobenzoic acid COOH 338 142
Nitro-a,a,a-trifluorotoluene CF3 200 187b 143
Nitroacetophenone COCH3 189 310b 196
Nitrobenzonitrile CN 209 315 205
Dinitrobenzene NO2 463 537 421

a Unless otherwise indicated the lifetime data listed are from Johnson et al. (102).
b Lifetime decreases with increasing electron energy.
c Data of Hadjiantoniou et al. (103).
d Data of Naff et al. (104).
e Data of Christophorou et al. (105).
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been discussed and rationalized (6) within the
framework of the quasi-equilibrium theory. The
theory restricts itself to the intermediate state
(i.e., the transient negative ion) and does not con-
sider in detail the entrance (initial electron cap-
ture process) and the exit (final autodetaching
process) steps both of which depend strongly on
selection rules and the symmetry of the state (s)
involved (6). These aspects require theoretical at-
tention.

Effect of Density, Nature, and the
State of the Medium on Electron At-
tachment

It has been pointed out by the author earlier
that a crucial step in our efforts to link physics
with chemistry and both with biology is to know
how "isolated-molecule" properties change as the

22

molecule finds itself in gradually denser and den-
ser gaseous and finally, in condensed-phase envi-
ronments. The interfacing of the disciplines of
physics, chemistry and biology requires linking
physical to chemical and biological environments,
i.e., it requires interphase studies.

Electron attachment to molecules and other
processes and molecular properties involving sep-
arated charges, are the ones most dramatically in-
fluenced by both the density and the nature of the
medium in which the electron-molecule inter-
action takes place. Of the electron attachment
processes referred to above, the nondissociative
electron attachment process involving a transient
ion AB ... CD-* which requires collisional stabili-
zation, is obviously the one (though not the only
one) to show a strong dependence on the medium.
Consider, then, the e, AB ... CD system to be em-
bedded in a gaseous medium of density [M]. The
rate, R, of attachment of electrons to AB ... CD
forming AB ... CD- via the simple process

e + AB ... CD +. AB ... CD-* (vibr.)

AB ...CD")+ el') AB...CD-

would be

k8t [M]R .-' + k.t [M]

(20)

(21)

The dependence of R on [M] is a function of the
relative magnitudes of Ta-' and k8t[M]. If Ta.- <<
k,t[M]-which is normally the case for the pres-
sures employed in swarm experiments or when Ta
> 10' sec-R is independent of [M]. When, how-
ever, Ta. >> kit [M], R oc [M].
Although reaction (20) has been found to de-

scribe reasonably well the [M] dependence of R
for some systems (e.g., the formation of °2- in
C2H4) over the entire density range from a few
torr to the liquid density (106) in many other
cases (77, 106-109) cases the formation of
AB ... . CD- depends on [M] in a complex fashion.
Not only is M involved in distant collisions as a
stabilizing third body but it may also be involved
in the initial electron capture process affecting k,
both in magnitude and energy dependence via its
effect on the negative ion states of the attaching
molecules. Also, both Ta and k8t may be functions
of E.
The effect of the density of a gaseous medium

on the rate of attachment of electrons to mole-
cules embedded in it can be seen from the ex-
amples in Figures 19 and 20 for, respectively, 02
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in N2 (forming 02-) and SO2 in N2 and C2H4
(forming SO2-). The effect of the density of the
medium is a function of the nature of both the
capturing species and the gaseous medium in
which it is embedded as can be seen from these
data and also from Figures 21 and 22, where the
rate of attachment at a fixed electron energy is
plotted against the density (compressibility-cor-
rected pressure) of the medium.
Measurements, such as those in Figures 19-22,

taken over a large density range can be modeled
and can allow deduction of information on (1) the
competitive decay channels of the metastable
negative ions and their respective rate constants,
(2) the lifetimes of short-lived (10-13-10-8 sec)

I~~~~~~~
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65,000 0 * _

i25000A*4000 A'-

3000 AA-

15000 A Al
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500~~~~~
300 SU 0
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FIGURE 19. Attac

negative ions, and (3) the rates of electron at-
tachment to molecules at liquid-phase densities
and their relation to the rates of electron attach-
ment to molecules in liquid media.
To illustrate the first point, attention is drawn

to Figure 23, where the rate, k, for formation of
the C2H,Br-* ion, and the ratio of the rate con-
stant, k2, of dissociation of C2H,Br-* to the rate
constant k3 of autodetachment of C2H5Br-* as a
function of the mean electron energy (e) are
plotted. For this molecule autodetachment, dis-
sociation and stabilization of C2H,Br-* were as-
sumed to proceed via a single NIR state and to be
in competition (108). It is interesting to see that
the autodetachment of C2H5Br-* predominates
below and the dissociation of C2H5Br-* pre-
dominates above the peak of the negative-ion res-
onance at -0.8 eV.
To illustrate the second point, we list in Table 7

the lifetimes of three parent negative ions deter-
mined from such studies. No direct method is cur-
rently available for the measurement of lifetimes
of negative ions shorter than -1 ,sec. The life-
times in Table 7 were determined by assuming
that the rate constant for stabilization of the
transient negative ion in collisions with the mole-
cules M, of the gaseous medium is equal to 27r (e2a/
Mr) 1/2p, where a is the static polarizability of M, e
the electron charge, Mr the reduced mass of the
negative ion and M, and p the probability of stabi-
lization of the negative ion per collision with M.
In certain cases, p is close to 1 (111) but since in
general, p is likely to be <1, the lifetimes in Table
7 are lower limits to their true values.

In connection with the third point above, the
rates of attachment of thermal electrons for 02 in
C2H4, SO2 in N2 or C2H4, and C6H6 in N2 at den-
sities equal to those of the respective liquids, are
given in Table 7. The thermal attachment rate for
02 in C2H4 at liquid ethylene density compares
well with the rate of attachment of thermal elec-
trons to 02 in nonpolar liquids (77).
A full account of these important aspects of

negative ion studies and also of the relevance and
significance of electron attachment processes in
gases to those in liquids can be found in the litera-
ture (77, 112-114). The involvement of vertical
transitions in electron attachment to molecules
dissolved in liquids in a manner analogous to that
in gases is clearly indicated.

0.05 0.1 0.2 0.5 1

( oo,MEAN ELECTRON ENERGY (eV) Electron Attachment to Electronically
bhment rate (aw)0 as a function of mean elec- Excited Molecules

tron energy, (e), for 02 in N2, for N2 pressures between 300
and 25,000 torr. (aw)o represents the measured attachment
rate when Po2-* 0 torr; (T = 298°K) (106).
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There is virtually no information on this proc-
ess [Process (5)]. To our knowledge the only
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existing measurement is that of Burrow (115) on
the dissociative attachment to 02 excited in the
lowest (metastable) a'Ag state which lies 0.98 eV
above the ground state, X'3g , of 02. Burrow
found the dissociative attachment cross section
(at its maximum) for the reaction

e + 02 (a'A) 02- (21j) 0- (2P) + 0 (3P) (22)

to be 3.5 + 1 times larger than the maximum from
the ground state 2, i.e.,

e + 02 (X3g-) 2-(2l1u) 0- (2p) + 0 (3p) (23)

Dissociative attachment to electronically excited
molecules naturally have lower energy onsets and
should be significant in cases where the popu-
lation of low-lying metastable states is high.

Binding of Attached Electrons to
Molecules ("Electron Affinity")
The electron affinity (EA) of a molecule is nor-

mally defined as the difference in energy between
the neutral molecule plus an electron at rest at in-
finity and the molecular negative ion when both,
neutral molecule and negative ion, are in their
ground electronic-, vibrational, and rotational
states (2). The electron affinity can be positive
(>O eV) or negative (<0 eV) (see Fig. 24). Two
other quantities, the vertical detachment energy

(VDE) and the vertical attachment energy
(VAE) are closely related to EA, the former when
EA is positive and the latter when EA is negative.
The VDE is defined (2) as the minimum energy
required to eject the electron from the negative
ion in its ground electronic and nuclear state
without changing the internuclear separation,
and the VAE is defined (2) as the difference in
energy between the neutral molecule in its
ground electronic vibrational and rotational
states plus the electron at rest at infinity, and the
molecular negative ion formed by addition of the
electron to the neutral molecule without allowing
a change in the internuclear separation of the
constituent nuclei. The schematic diagrams in
Figure 24 clarify the physical significance of these
quantities and their relation to the various modes
of electron capture discussed above.

Figures 24a, b, c refer to an electron captured in
the field of the ground electronic state of an atom
(Fig. 24a) and a diatomic molecule (Fig. 24b and
c). In all three cases the EA is positive and the
traditional measurements of EA are typical of
these cases. In Figure 24a EA (A) = IVDE (A-) I;
this is always the case for atoms. For molecules,
however, EA(AX) = IVDE (AX-) only if the
equilibrium internuclear separations for AX and
AX- are the same (as shown in Fig. 24c). Al-
though for some small molecular species this is
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sponding excited species positive (2-4). It would
be interesting to measure the vertical detachment
energy VDE (AX*-) of AX*-.

In Fig. 24f a case is depicted which is appropri-
ate for a shape resonance. It should be noted that
although in this case VAE (AX) c -EA (AX), the
electron is temporarily bound to the molecule with
a "transient binding energy spectrum" shown by
the shaded area in Figure 24f. The coordinate sys-

0 tem depicting the potential well is indicated in
the figure by RAXe, the radial distance of the elec-
tron which is different from that of the inter-
nuclear separation.
The electron affinities of atoms and molecules

and the methods used for their determination
have been reviewed by many authors (2, 116-
119). It is apparent from these reviews and from
relevant (and abundant) literature that up until
the last decade EA-values were quite inaccurate.
Recently, however, accurate determinations of
electron affinities have become possible. It should
be pointed out that depending on the sign of EA
and the species, different experimental methods
are appropriate and accurate. In our opinion, to
date three experimental methods (see below) pro-

28 vide accurate values of EA, each appropriate to
the specific cases exemplified in Figure 24. Equi-

;a
H4;

the case (2, 116), in the majority of molecular spe-
cies a situation similar to that in Figure 24b pre-
vails, for which IVDE (AX-) > EA (AX). The
cases shown in Figure 24b and c are, of course,
typical examples of nuclear-excited Feshbach res-
onances.

Figures 24d and e illustrate the case of electron-
excited Feshbach resonances (core-excited type
II) for atoms and molecules, respectively. Here
the electron is captured in the field of an excited
atom A* or an electronically-excited molecule
AX*, forming, respectively, A* and AX* (note
our nomenclature: A* and AX* indicate, respec-
tively, a negative ion formed by electron capture
by an electronically excited atom or molecule,
while A* and AX* indicate, respectively, an
atomic and molecular negative ion with excess in-
ternal energy). EA (A*) and EA (AX*) now refer
to the electron affinity of the excited atom A* and
the electronically excited molecule AX*; they are
both positive and can be greater than those of the
corresponding ground-state species. Actually the
electron affinity of the ground state atom or mole-
cule can be negative while that for the corre-
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librium methods may allow accurate determina-
tion of EA also, in cases which are free of uncer-
tainties due to other unaccountable electron
attachment processes.

Electron Scattering Methods
These are quite accurate in providing values of

the VAE and also values for the position of the v'

= 0 level of the NIR state (s), thus providing accu-
rate (vertical and/or adiabatic) determinations
of negative electron affinities (2, 4, 9-15) (Tables
1 and 2).

Photodetachment Methods
Photodetachment methods (especially those

employing laser techniques) are by far the most
accurate (2, 116). Generally, these methods are
restricted to the cases shown in Figure 24a and
24c, and their use to determine the electron affin-
ity of polyatomic species (where situations such
as depicted in Figure 24b are likely) is, as a rule,
quite uncertain (40, 120). Recent work however,

,o (121, 122) indicates that even for polyatomic
molecules photodetachment methods can often
provide accurate values of EA.

Charge-Transfer Techniques
Charge-transfer techniques (17, 123, 124) and

collisional ionization of molecules, M, using fast
neutral alkali atoms, A (the EA value is deduced
from the threshold of initiation of the reaction A'
+ M -- A+ + M- where A' is usually Na, K, Cs)
seem to be most appropriate, especially the latter,
for polyatomic molecules (125-128). (Proper in-
ternal energy and Doppler effect corrections are
necessary for accurate determination of EA by
charge-transfer technique.) Recent results on
some halomethanes obtained by using alkali
metal neutral atom beams are given in Table 8.

Substantial as the theoretical work has been in
this area, its results, presently, lack the accuracy
of the recent experimental techniques. Attention
is drawn to a recent review by Simons (129).

Basic and Applied Significance of
Negative Ion Studies
Negative ion studies-encompassing a wide

range of processes and novel reactions through
which slow electrons and molecules embrace each
other in rich and delicate ways-have attracted
intense recent interest and have resulted in stim-
ulating new advances in our knowledge of the

Table 7. Lifetimes of short-lived parent negative ions and thermal (T = 298°K) attachment rates for C6H6, 02, and SO2 at
densities corresponding to those of liquid N2 and liquid C2H4.

Lifetime Energy Electron Thermal attachment
x 10-12, range, affinity, rate at liquid density,

Negative ion seca eV eV sec- torr-1 [sec-1 M-1]

C6H6-* 1-0.2 0.04-0.18 -0; <ob >5 x 104 [-1 X 109]e
02-* 2 Thermal 0.44c 2.3 x 107 [4.3 x 1011] f
S02-* 200 Thermal 107d 2.6 x 106 [4.8 x 1010] g

a Lower limits (see text) (77, 106).
b Data of Christophorou et al. (5, 107).
e Data of Celotta et al. (25).
d Data of Celotta et al. (110).
e From data on C6H6 in N (400-15,000 torr) (107).
f From data on 02 in C2H4 (750-17,000 torr) (106).
g Average of values for SO2 in C2H4 (200-15,000 torr) and for SO2 in N2 (300-25,000 torr) (109).
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FIGURE 24. Schematic diagrams illustrating the positive and negative values of EA and the
relation of EA to VAE and VDE and the modes of electron capture.

structure of matter and the interaction processes
involving electrons and molecules. This is so be-
cause such studies are of unique intrinsic value
and by their very nature they are trans-dis-
ciplinary covering and illuminating broad areas
of physics, chemistry and biology. Of equal impor-
tance is the unique (and often direct) application
they find in many fundamental areas of tech-
nology, chemical and electrical engineering, life
and radiation sciences, the atmosphere and the
environment.

In physics, negative ion studies provided basic
knowledge on the properties of atoms and mole-
cules, and the dynamics of electronic structure
and molecular interactions. They aided the under-
standing of photophysical processes, the fates of
electronic excitation energy, charge-transfer
states and complexes. Similarly, they helped in
the identification of basic reactions in upper at-
mosphere, space and the interaction of radiation

with matter. They contributed fundamentally to
the advancement of electron physics and gaseous
electronics, led to new concepts of possible practi-
cal utility such as the ion and electron lasers, and
the physics of instrumentation especially in the
area of radiation detectors and particle accelera-
tors.

In chemistry, negative ion studies contributed
substantially to the understanding of the quan-
tum and electronic structure of molecules, chem-
ical reactions, the nature of the intermediates and
fast reactions in radiation chemistry. They pro-
vided a test of and a challenge for molecular or-
bital theory and a probe of both the gaseous and
the condensed phase of matter. They yielded use-
ful thermochemical and other data and served as
the basis for a rich variety of analytical methods
including those for detection, identification, quan-
tification and removal of impurities in a variety
of systems.
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Table 8. Recent electron affinity data on halomethanes and
related radicals obtained by charge exchange with fast alkali

atoms.a

Electron affinity,
Molecule eV Alkali atom

CF3 1.4 + 0.2b Cs
CF3I 1.6 ± 0.2c,d Cs
CF3I 1.54 ± 0.2d Na
CF3I 2.2 ±0.2e K
CF3Br 0.91 ± 0.2d K
CF2Cl2 0.4 ± 0.3 K
CFCl3 1.1± 0.3 K
CC14 2.0 ± 0.2 K
CF3 1.9 ±0.3 K
CF2Cl 1.6 ± 0.3 K
CFCl2 1.1± 0.3 K
CCl3 1.3 ± 0.3 K
CHCl2 0.0 ± 0.3 K

a The parent ions of some of these compounds were ob-
served for the first time this way. Data of Dispert and Lac-
mann (128) unless otherwise noted.

b Data of Tang et al. (125).
c These authors reported EA (CH3NO2) = 0.35 ± 0.2 eV us-

ing K atoms and 0.46 ± 0.2 eV using Cs atoms.
d Data of Compton et al. (126).
e Data of MacNamee et al. (127).

In biology, negative ion studies played a basic
role in clarifying the concepts used in theoretical
treatments of biological action of molecules and
provided key inputs to recent advances in radia-
tion protection and sensitization, especially in the
development of so-called "high affinic" drugs and
radiopharmaceuticals. They have potential appli-
cation in the area of biological and toxic action of
molecules by properly using electron attachment
processes and their products and reactions as
probes of specific mechanisms and functions.
They may, hopefully, lead to what we call an
"electron capture-based toxicity index" for
screening of toxic substances. Reactions involving
parent negative ions, radicals and fragment neg-
ative ions from dissociative attachment processes,
dynamics of electron capture, electron release and
electron transfer and the role of these in inter-
rupting the electron transfer cycles in the cell can
all be grouped together under what we consider a
potentially promising future research area which
might appropriately be called bio-ionics.

In engineering and applied science, negative
ion studies constitute the foundation of a wide
spectrum of areas ranging from extinguishing of
plasmas, arcs and flames (in this regard multi-
component gas mixtures may be properly tailored
to optimize their function) to combustion and
polymer construction; from radio, television, and
other communications systems, space- and de-
fense-related applications, to injection beams in

fusion machines, tornado bombing (with electron
attaching gases), precipitators and health-related
effects; from gas discharges to the rich and rap-
idly developing area of gaseous dielectrics where
the concept of the multicomponent gaseous in-
sulator shows a great promise. In most of these
technological areas, it is important to realize the
significance of tailoring (combining) of gases to
optimize electron and ion densities (as well as
electron energies) in order to enhance or to in-
hibit the critical reactions involved.

Finally, attention is drawn to the direct role of
negative ions and their reaction processes in the
rich and relatively new area of atmospheric and
environmental science.

This paper reports research sponsored by the Office of
Health and Environmental Research of the U.S. Department
of Energy under contract W-7405-eng-26 with Union Car-
bide Corporation.
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